Multiple mechanisms contribute to tissue demise and functional recovery after stroke. We studied the involvement of macrophage migration inhibitory factor (MIF) in cell death and development of neurologic deficits after experimental stroke. Macrophage migration inhibitory factor is upregulated in the brain after cerebral ischemia, and disruption of the Mif gene in mice leads to a smaller infarct volume and better sensory-motor function after transient middle cerebral artery occlusion (tMCAo). In mice subjected to tMCAo, we found that MIF accumulates in neurons of the peri-infarct region, particularly in cortical parvalbumin-positive interneurons. Likewise, in cultured cortical neurons exposed to oxygen and glucose deprivation, MIF levels increase, and inhibition of MIF by (S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester (ISO-1) protects against cell death. Deletion of MIF in Mif À/À mice does not affect interleukin-1b protein levels in the brain and serum after tMCAo. Furthermore, disruption of the Mif gene in mice does not affect CD68, but it is associated with higher galectin-3 immunoreactivity in the brain after tMCAo, suggesting that MIF affects the molecular/cellular composition of the macrophages/microglia response after experimental stroke. We conclude that MIF promotes neuronal death and aggravates neurologic deficits after experimental stroke, which implicates MIF in the pathogenesis of neuronal injury after stroke.
Introduction
Multiple and interrelated processes, including modulation of intrinsic neuronal properties and communication, and inflammatory/immune cascades contribute to stroke outcome (Wieloch and Nikolich, 2006) . Inflammatory mediators upregulated in the brain and systemically after stroke are believed to affect damage progression, as well as the creation of a balanced milieu for neuronal plasticity/recovery, depending on the temporal and spatial expression profile (Endres et al, 2008) . Conversely, inhibition of pro-inflammatory molecules efficiently diminishes cell death (Mitsios et al, 2006) . Also, we have previously shown that interleukin-1b (IL-1b) is downregulated in the peri-infarct region of animals housed in an enriched environment after stroke, supporting the notion that experience-enhanced recovery of function involves the modulation of pro-inflammatory mediators (Ruscher et al, 2009) .
Macrophage migration inhibitory factor (MIF) is a pleiotropic protein, expressed in a diversity of cell types (Bernhagen et al, 1993; Calandra et al, 1994) . Macrophage migration inhibitory factor is a mediator of immunity (Calandra and Roger, 2003) , hypoxic adaptation (Maity and Koumenis, 2006) , and has been implicated in inflammatory conditions (Morand et al, 2006) and heart ischemia (Miller et al, 2008) . It is constitutively expressed in the brain (Bernhagen et al, 1993; Nishibori et al, 1996) , particularly in neurons (Bacher et al, 1998) , where it can act as a neuromodulator (Sun et al, 2004) .
Macrophage migration inhibitory factor is upregulated in glial tumor cells upon hypoxic and hypo-glycemic stress (Bacher et al, 2003) , and is induced in end-feet astrocytes at the blood-brain barrier after Borna disease virus infection (Bacher et al, 2002) . Moreover, MIF deficiency decreases inflammation in the brain after West Nile virus infection (Arjona et al, 2007) . Furthermore, MIF exhibits tautomerase activity toward oxidized cathecholamines, and has thereby been implicated in neurodegenerative disorders (Matsunaga et al, 1999) . Cultured cerebellar granular neurons from Mif À/À mice are resistant to excitotoxicity (Nishio et al, 2009 ), suggesting that MIF can affect neuronal susceptibility to ischemia. Although MIF has been shown upregulated after global (Yoshimoto et al, 1997) and focal ischemia (Wang et al, 2009) , the functional relevance of MIF in stroke has not been assessed.
The aim of the present investigation was to study the contribution of MIF to neuronal cell death and to the development of neurologic deficits during the first week after transient middle cerebral artery occlusion (tMCAo). Interestingly, we found that MIF is highly expressed in cortical parvalbuminpositive neurons, and that MIF is strongly regulated in peri-infarct neurons after stroke. Importantly, we found that the absence of neuronal MIF prevents ischemic cell death and improves sensory-motor function. The MIF-mediated effects in experimental stroke may also depend on the modulation of the macrophages/microglia response in the injured brain hemisphere, as indicated by a higher galectin-3 (Gal-3) immunoreactivity in Mif À/À mice.
Materials and methods

Animals
Animals were housed under diurnal conditions, with free access to water and food. All experiments were performed in accordance with protocols approved by the Malmö / Lund Ethical Committee for Animal Research. Surgeries and animal behavior were conducted in a blinded and randomized manner.
Mouse Strains and Genotyping
To determine whether MIF affects the functional outcome after experimental stroke, we used Mif À/À (MIF-KO) male mice on a pure C57BL/6 background (generation N10; Bozza et al, 1999) and respective Mif + / + (wild type (WT)) littermates, 8 to 36 weeks old, weighing 19.5 to 39.0 g. Animals were bred at Lund University. The genotype was determined by polymerase chain reaction. We used the following primer sequences, specific for WT and mutant alleles, respectively: ACGACATGAACGCTGCCAAC (forward) and ACCGTGGTCTCTTATAAACC (reverse); GAAT GAACTGCAGGACGAGG (forward) and GCTCTTCGTCCA GATCATCC (reverse).
We used 9-to 14-week-old C57BL/6 male mice (Taconic, Ry, Denmark), weighing 20.5 to 30.0 g, for the spatialtemporal characterization of MIF expression after tMCAo.
Transient Middle Cerebral Artery Occlusion
Focal cerebral ischemia was induced in mice by transient occlusion of the right MCA, using the intraluminal filament placement technique as described previously (Nygren and Wieloch, 2005) . Briefly, mice were anesthetized by inhalation of 2.5% isoflurane (IsobaVet, Milton Keynes, UK) in O 2 :N 2 O (30:70) , through an open mask. Anesthesia was subsequently reduced to 1.5% to 1.8% isoflurane and sustained throughout the occlusion period. Body temperature was kept at B371C. To monitor regional cerebral blood flow (rCBF), an optical fiber probe (Probe 318-I, Perimed, Järfälla, Sweden) was fixed to the skull at 2 mm posterior and 4 mm lateral to bregma and connected to a laser Doppler flow meter (Periflux System 5,000, Perimed). A filament composed of a 6-0 polydioxanone suture (PSD II, Ethicon, Norderstedt, Germany) and a silicone tip with a diameter of 225 to 275 mm (adapted to the age of the animal) was inserted into the external carotid artery and advanced into the common carotid artery. The filament was retracted, moved into the internal carotid artery, and advanced until the origin of the MCA, given by the sudden drop in rCBF. After 45 minutes, the filament was withdrawn and reperfusion was observed. The animals were placed in a heating box at 371C for the first 2 hours after surgery and thereafter transferred into a heating box at 351C (overnight), to avoid postsurgical hypothermia. Thirty minutes after the onset of reperfusion, 0.5 mL of 5% glucose were administered subcutaneously. Temperature and gross sensory-motor deficits were evaluated at 1, 2, and 24 hours after surgery (when applicable). Body weight was controlled daily up to the experimental end point (when applicable). In shamoperated animals, the filament was withdrawn from the internal carotid artery before reaching the MCA. Specific experimental outlines are indicated in the Results section.
Exclusion Criteria
All the animals that did not exhibit an immediate reduction in rCBF upon MCAo and reperfusion were excluded from the study (B8%). Intracerebral hemorrhage was confirmed in all the cases by a posteriori brain analysis. One MIF-KO animal was killed at day 3 of recovery due to signs of pain and general weakness, and included in the mortality rate at 7 days.
Behavioral Tests in Mice
At 2 and 7 days of recovery, we used the rotating pole test as described before (Nygren and Wieloch, 2005) , with a few modifications: the animals were trained the day before surgery (day À1) at 0, 3, and 10 rotations per minute (r.p.m.), to the left and right, and scored in a final run for each of these pole rotations. The tests were video recorded for a final analysis. Additionally, we used the grip strength test (Bioseb, Vitrolles, France), in which a mouse held by the tail is allowed to grab and pull a horizontal bar with the front paws. We measured the maximum value in five consecutive trials. We analyzed the average out of the five trials. Baseline values were collected at day 1 before surgery (day À1). The postsurgical decrease in muscular strength reflects the deficit in the left paw.
Carbon-Black Perfusion
Naive and sham-operated (day 7 after surgery) WT and MIF-KO mice were perfused, essentially as reported before (Berry et al, 1975) . In summary, animals were anesthetized with isoflurane and perfused with NaCl, followed by 4% formaldehyde and finally carbon-black solution. Brains were dissected immediately and kept at 41C, overnight, in fixative. Vessel conformation was analyzed, and pictures were acquired with a MicroPublisher 3.3 RTV CCD (QImaging, Surrey, BC, Canada) camera under standard conditions.
Infarct Volume
We perfused WT and MIF-KO mice with 4% formaldehyde at day 7 after tMCAo. Brains were cut in 30 mm thick coronal slices, in eight subsequent series (240 mm between consecutive sections within each series). We used the first series for NeuN immunohistochemistry. Primary antibody was detected by the biotin-avidin-horseradish peroxidase system (Vector Laboratories, Peterborough, UK). The entire area of the contralateral (Contra) and ipsilateral (Ipsi) hemispheres, and infarct area (IA) of each slice were encircled using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Infarct area was corrected for shrinkage: IA corrected = Contra/Ipsi Â IA. Infarct volume was obtained by volumetric integration.
Interleukin-1b Immunosorbent Assay
At 48 hours after surgery (tMCAo and sham), WT and MIF-KO mice were anesthetized with isoflurane and blood was collected by heart puncture; isolated serum was stored at À801C. Thereafter and following a 2-minute transcardial perfusion with NaCl, brains were obtained and immediately frozen by immersion in isopentane at À401C, further cooled down to À70 to À801C, and stored at À801C. We dissected infarct core (IC) and peri-infarct region (PI) from consecutive 2, 1, and 2 mm thick brain sections (starting at 2 mm and ending at 7 mm from the olfactory bulb), at À151C. At this temperature, the IC can easily be detached from the remaining ipsilateral tissue, considered as PI. In shamoperated animals, equivalent brain regions were dissected, also designated as IC and PI (a schematic representation of IC and PI is included in the Results section). Whole cellular protein extractions from mice brains were performed as in Rickhag et al (2008) . Interleukin-1b levels were determined by an electrochemiluminescence-coupled immunosorbent assay according to the manufacturer's instructions and using a SECTOR Imager 6,000 (Meso Scale Discovery, Gaithersburg, MD, USA). Serum was assayed undiluted; for each brain sample, the results are presented as protein concentration (pg/mL) when using 150 mg of protein.
CD68 and Galectin-3 Immunoassays
At day 7 postocclusion, WT and MIF-KO mice were perfused transcardially with 4% formaldehyde; 30 mm thick coronal brain slices were subsequently generated. CD68 and Gal-3 were detected by immunohistochemistry. We used three brain sections per animal, and per antigen. With respect to CD68, we used sections corresponding to the following levels: B0.86, À0.22, and À1.06 mm, in relation to bregma. Galectin-3 immunohistochemistry was performed using three additional brain sections: B1.18, 0.62, and À1.22 mm, in relation to bregma. Anti-CD68 and anti-Gal-3 primary antibodies were detected by a donkey anti-rat Cy3 conjugate (Jackson ImmunoResearch, Suffolk, UK) and streptavidin-Alexa555 (Molecular Probes, Invitrogen, Paisley, UK), respectively. We acquired monochromatic 10-fold magnification micrographs covering the entire right brain hemisphere within each section using a Nikon Eclipse 80i microscope and the NIS-Elements software (Nikon, Solna, Sweden). Micrographs were acquired under standardized conditions; exposure level was set to minimize loss of information (under-exposure or saturation). A final tile figure for each section was subsequently generated (NIS-Elements software, Nikon). The visually detectable fluorescence within each generated tile figure was encircled, and the average intensity level (0 to 255) per pixel was determined using the ImageJ software (National Institutes of Health), and designated as average immunoreactivity.
Primary Neuronal Cell Cultures
We dissected cerebral cortices from Wistar rats (Harlan, Horst, the Netherlands) at the embryonic day 17. We incubated the intact cortices with 0.05% (w/v) trypsin and 0.02% (w/v) ethylene diamine tetraacetic acid (EDTA) in phosphate-buffered saline (PBS) (without calcium and magnesium), for 15 minutes at 371C. After two rinses with a serum-containing medium (Dulbecco's Modified Eagle Medium (DMEM), 10% fetal bovine serum, 100 U/mL penicillin/ streptomycin, and 0.5 mmol/L glutamine), tissue was gently dissociated in culture medium (neurobasal medium, 2% B27, 100 U/mL penicillin/streptomycin, 0.5 mmol/L glutamine, and 2.5 mmol/L glutamate). After centrifugation (210 g, 2 minutes, 41C), cells were plated at a density of 225,000 cells/cm 2 on 0.01% poly-L-lysine-coated coverslips in 24-well plates, six-well plates, and live-cell imaging chambers. Cells were maintained at 371C in a humidified incubator, under normoxia (5% CO 2 ). We replaced half of the medium by culture medium without glutamate every fourth day. Media and supplements were purchased from Invitrogen.
Cell Transfection and Live-Cell Imaging
At day in vitro four, cells were transfected to express eGFP-MIF fusion protein, using lipofectamine 2,000 (Invitrogen), following the manufacturer's instructions. We used two different constructs: pEGFP-C2-Mif and pEGFP-N2-Mif (0.5 to 1 mg per culture chamber). Transfected cells were imaged at day in vitro 10 to 15 using an inverted laser-scanning microscope (LSM 510, Zeiss, Jena, Germany), under controlled conditions (371C, humidified air with 5% CO 2 ).
Combined Oxygen-Glucose Deprivation
We exposed neurons to combined oxygen-glucose deprivation (OGD) at day in vitro 10 to 15. Briefly, culture medium was removed and kept (conditioned medium). After gently rinsing with PBS, medium was replaced by a deoxygenated basic salt solution without glucose, in a hypoxic chamber (oxygen below 1 mm Hg; Electrotek, Shipley, UK) at 371C. After 5 minutes (sublethal OGD) or 10 minutes (lethal OGD), we replaced the deoxygenated aglycemic solution by conditioned medium and allowed cells to recover under normoxia (5% CO 2 ) at 371C. In control conditions (Ctrl), neurons were rinsed with PBS and incubated in a normoxic basic salt solution containing 4.5 g/L glucose, in a humidified cell culture incubator for 5 or 10 minutes, respectively. Composition of basic salt solution: 143.8 mmol/L Na + , 5.5 mmol/L K + , 1.8 mmol/L Ca 2 + , 0.8 mmol/L Mg 2 + , 125.3 Cl À mmol/L, 26.2 mmol/L HCO 3 À , 1.0 mmol/L PO 4 3À , 0.8 mmol/L SO 4 2À (pH 7.4).
Pharmacology and Lactate Dehydrogenase Assay
We treated neurons with 1 mmol/L MG-132 (Tocris, Bristol, UK), final concentration in the culture medium, immediately after sublethal OGD/Ctrl. Vehicle-treated cells (dimethyl sulfoxide (DMSO), 1% of the cell culture medium) served as control (n = 3 to 6, out of four independent neuronal preparations).
We applied the MIF-inhibitor (S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester (ISO-1), at the final concentrations of 1, 10, and 100 mmol/L, or vehicle (DMSO:H 2 O, 1:3, 0.4% of the cell culture medium) to cultures immediately after lethal OGD/Ctrl. Cell death was assessed by measurement of lactate dehydrogenase (LDH) activity in the cell culture medium using a colorimetric assay (Biovison, Mountain View, CA, USA). Lactate dehydrogenase activity (U/mL) was calculated using a standard curve. Specific experimental outlines are indicated in the Results section.
Protein Extraction and Western Blotting
Cytoplasmic and nuclear protein fractionations were done according to Dignam et al (1983) . Proteins were separated in 10% to 20% gels (Novex Tricine system, Invitrogen). Transfer was performed onto polyvinyldifluoride membranes. We performed immunoblotting using the Snap i. d. system, according to the manufacturer's instructions (Millipore, Billerica, MA, USA). We used a polyclonal anti-MIF antibody (1:1,000, Torrey Pines Biolabs, East Orange, NJ, USA) and a secondary antibody horseradish peroxidase conjugate (1:5,000, Sigma-Aldrich, Deisenhofen, Germany). The signal was visualized using a chemiluminescence kit (Millipore) and a CCD camera (Fujifilm LAS 1,000). Membranes were stripped and reprobed for b-actin using a monoclonal antibody directly conjugated with horseradish peroxidase (1:75,000, Sigma-Aldrich). After densitometric analysis, the expression of MIF was normalized according to the expression of b-actin.
Immunohistochemistry/Immunocytochemistry
Formaldehyde-fixed free-floating brain slices or cells were rinsed three times with PBS and incubated with 5% blocking solution (normal serum, Jackson ImmunoResearch, and 0.25% Triton X-100, in PBS), for 1 hour at room temperature. Next, we incubated with primary antibody diluted in 2% blocking solution, overnight at 41C. After rinsing, secondary antibody was applied (except for the GFAP-Cy3 direct conjugate). We used the avidin-biotinhorseradish peroxidase system or secondary antibodies conjugated with fluorescent dyes. We used Cy-conjugated and DyLight488-conjugated secondary antibodies (Jackson ImmunoResearch) at a dilution of 1:400 in 2% blocking solution, for 2 hours at room temperature. Alexa488-conjugated secondary antibody and streptavidin-Alexa555 (Molecular Probes) were also used at a dilution of 1:400. Bright-field pictures were acquired using an Olympus BX60 microscope (Solna, Sweden), under standard conditions. Fluorescent dyes were imaged using a laser-scanning microscope (Zeiss, LSM 510), unless otherwise specified.
The following primary antibodies and respective dilutions were used in this study: rabbit anti-MIF (Torrey Pines Biolabs, 1:300 to 1:1,500), rabbit anti-MIF (clone R102, 1:300 to 1:1,500), mouse anti-NeuN (Sigma Aldrich, 1:800), mouse anti-Tuj-1 (Sigma-Aldrich, 1:500 to 1:800), mouse antiparvalbumin (Sigma-Aldrich, 1:4,000 to 1:6,000), mouse anti-GST-p (Sigma-Aldrich, 1:500); rat anti-Gal-3 biotinylated (Acris Antibodies, Herford, Germany, 1:500), mouse anti-GFAP (Sigma-Aldrich, 1:1,000 to 1:2,000), mouse anti-GFAP Cy3 conjugate (Sigma-Aldrich, 1:5,000), rat anti-CD74 (BD Pharmingen, Stockholm, Sweden, 1:200), and rat anti-CD68 (Serotec, Dü sseldorf, Germany, 1:200).
Statistics
Data are summarized as median and percentiles or as mean ± s.d. (as indicated in the legends to figures). For all the tests, P < 0.05 was considered significant. To compare the infarct volume, we used the Student's t-test. To compare the performance in several behavioral tests between WT and MIF-KO littermates, we used the Mann-Whitney U-test and the Fisher's exact test (for frequencies). Differences in physiological parameters between WT and MIF-KO mice were assessed by the Student's t-test (percent drop in rCBF and reperfusion), and one-way analysis of variance for repeated measurements (temperature and body weight). To compare the mortality at 48 hours and 7 days between the mice groups, we used Fisher's exact test. To study the effect of ischemia/MG-132 on the expression of MIF, we used analysis of variance. The effect of ISO-1 on neuronal cell death after OGD was analyzed by one-way analysis of variance. Differences in IL-1b levels were assessed by analysis of variance. Differences in CD68 and Gal-3 immunoreactivities were determined by the Student's t-test. Bonferroni correction was used for multiple comparisons.
Results
Macrophage Migration Inhibitory Factor-KO Mice Exhibit a Smaller Infarct Volume and Better Functional Outcome After Transient Middle Cerebral Artery Occlusion than Wild Type Littermates
To determine whether MIF participates in cell death or functional recovery after stroke, we subjected WT and MIF-KO mice to 45 minutes tMCAo and evaluated the outcome in terms of infarct volume and sensory-motor function ( Figure 1A ).
Putative differences in vessel conformation and physiological parameters caused by the deletion of Mif were first analyzed. By transcardial perfusion of a gelatinous carbon-black solution, we observed a similar MCA configuration in WT (n = 5) and MIF-KO mice (n = 3) ( Figure 1B ). We did not find a difference in rCBF between WT and MIF-KO mice at occlusion of the MCA (29%±13% and 24%±13% of baseline, respectively) and at reperfusion (85% ± 15% and 79% ± 24% of baseline, respectively). Additionally, no differences were found in body temperature and body weight between the two experimental groups, WT (n = 13) and MIF-KO (n = 9) (Table 1). No significant difference in mortality was observed at the 7 days end point (6 out of 19 WT and 2 out of 11 MIF-KO mice).
We assessed infarct size at 7 days postocclusion, which is when infarct growth has subsided. The MIF-KO animals exhibited smaller infarct volume (16.6 ± 3.6 mm 3 , n = 9) than the respective WT littermates (21.6±6.3 mm 3 , n = 13), measured as the loss of NeuN immunoreactivity, P < 0.05 ( Figure 1C) .
The smaller infarct of the MIF-KO animals was associated with improved neurologic function. Two days after occlusion, we observed a marked difference in performance when traversing the rotating pole at 10 r.p.m. to the left: MIF-KO animals scored relatively high (with a median value of 3), whereas WT animals revealed severe difficulties in traversing the pole (median value of 2), P < 0.05. At 7 days after occlusion, although the majority of WT mice scored lower than 4, all the MIF-KO animals scored 4 or 5, denoting a critical difference between the groups in terms of lower scores (0 to 3) and higher scores (4 to 6); P < 0.01 ( Figure 1D ). We also found a significantly higher grip strength value in MIF-KO animals at 2 days after occlusion ( Figure  1E) , with median values of 127.5 g (MIF-KO mice) and 87.9 g (WT mice), P < 0.05. At 7 days, we observed a trend toward a higher average grip strength value in MIF-KO mice (P = 0.14). We allowed the mice to grab the horizontal T-shaped bar with both front paws to avoid bias of paw immobilization and lack of motivation to perform the test, on the cost of loss of sensitivity at later times of recovery. Baseline values (collected at day À1) were not significantly different between WT and MIF-KO animals (median values of 135.1 and 145.2 g, respectively).
Macrophage Migration Inhibitory Factor Accumulates in Neurons of the Peri-Infarct Cortex Early After Transient Middle Cerebral Artery Occlusion in Mice
After experimental focal ischemia, MIF protein expression is upregulated in the ipsilateral hemisphere (Wang et al, 2009 ), but the underlying cellular distribution is unknown. We subjected C57BL/6 mice to 45 minutes tMCAo and collected perfused brains at 0, 3, 6, 12, 18, 24, 48, and 72 hours after occlusion. The spatial-temporal expression of MIF protein was determined by immunohistochemistry (n = 3 to 6 per time point), including naive (n = 3) and sham-operated (n = 3) mice. The two different polyclonal anti-MIF antibodies used yielded similar results (data not shown). Figures 2A and 2B show the expression of MIF within different cell layers of the motor and somatosensory cortex. In brains of control and sham-operated mice, MIF immunoreactivity (MIF-ir) is evident in neurons ( Figures 2A1 and  2B1) ; this was confirmed by the colocalization with the neuronal markers Tuj-1 and NeuN ( Figure 2C ) but MIF-ir was not homogenously distributed among neurons. Apart from regional differences, some neurons are particularly rich in MIF; for instance parvalbumin-positive (PV + ) cortical interneurons exhibit a relatively high-MIF signal ( Figure 2C ). Within neurons, MIF is found predominantly in the soma as well as processes ( Figure 2C) . At 3 hours after tMCAo, we observed a dramatic loss of MIF in the expanding infarct core ( Figures 2A2  and 2B2 ). This early loss was complete in the affected striatum and partial in the affected cortex. We found scattered cortical cells positive for MIF at 3 hours after occlusion ( Figure 2B2 ) but not after 18 to 24 hours ( Figure 2B3 ). We identified these cells as PV-containing interneurons ( Figure 2D) , exhibiting a delayed cell death in the infarct core. Concomitantly with the loss in the infarct core, MIF-ir increases in the peri-infarct region, particularly in the peri-infarct cortex. The cellular accumulation of MIF is evident as early as 3 hours after tMCAo ( Figure 2A2 ) and progressively increases in subsequent time points ( Figure 2A3) . Surprisingly, we found that the upregulation of MIF in proximal peri-infarct cortex of mice occurs in neurons, particularly in PV-expressing interneurons (Figure 2E ). The regional and cellular distribution of MIF is identical up to 72 hours after occlusion ( Supplementary Figure 1) . We did not detect MIF in cortical peri-infarct GFAP + astrocytes, GST-p + oligodendrocytes, or Gal-3 + microglia (data not shown). MIF is a signaling ligand for cell surface receptor, CD74 (Leng et al, 2003) . We did not detect CD74 expression in brain cells at any of the time points analyzed (data not shown). Antibody specificity was confirmed by lack of MIF-ir in brains of MIF-KO mice ( Supplementary Figure 2) .
Isolated Cortical Neurons Regulate Cytoplasmic Macrophage Migration Inhibitory Factor Levels After Sublethal Oxygen-Glucose Deprivation
We next sought to determine whether neurons regulate the expression of MIF after ischemia and if the inhibition of neuronal MIF expression is protective upon ischemia. Isolated cortical neurons were cultured, exposed to sublethal OGD, and processed at several time points of postischemic recovery, as indicated in Figure 3A . In control cultures, MIF-ir is mainly located to the cytoplasm of neurons (Tuj-1 + cells), with low fluorescence intensity in the cell nucleus ( Figure 3B ). We did not detect major changes in MIF compartmentalization after OGD (data not shown). Live-cell imaging of neurons transfected with a construct encoding for an eGFP-MIF fusion protein also revealed the accumulation of the fluorescent signal in the cytoplasm ( Supplementary  Figure 3 ). We did not detect changes in eGFP-MIF compartmentalization following exposure to OGD (data not shown). Endogenous MIF (detected by immunocytochemistry) colocalized with eGFP-MIF, both under control conditions and after OGD. We used two different constructs encoding for eGFP-MIF and obtained equivalent results (data not shown). By Western blotting of cytoplasmic protein fractions, we found a significant upregulation of MIF at 3 and 24 hours after OGD (by B70% and 43%, respectively) when compared with control conditions, P < 0.05 ( Figure 3C ). In parallel, we selectively inhibited the proteasome system by application of 1 mmol/L MG-132 to cultured neurons immediately after OGD. MG-132 promotes a nonsignificant increase in cytoplasmic MIF levels under control conditions, but there was no difference between MG-132-treated control cells and OGD cells (vehicle or MG treated) at 3 hours of recovery. MG-132 did not affect MIF protein levels in neurons at 1 and 3 hours after OGD, but it led to a significant decrease in MIF levels at 24 hours after OGD, compared with vehicletreated cells, P < 0.05 ( Figure 3C ). In addition, we did not detect MIF in nuclear fractions by Western blotting (Supplementary Figure 3) .
Inhibition of Neuronal Macrophage Migration Inhibitory Factor Is Protective After Oxygen-Glucose Deprivation
We next applied the small molecule MIF-inhibitor, ISO-1 (1, 10, or 100 mmol/L) (Lubetsky et al, 2002) , or vehicle (DMSO:water, 1:3) to neurons immediately after lethal OGD or control condition. ISO-1 is a cell-permeable isoxazoline. Twenty-four hours after treatment, neuronal cell death was assessed by LDH activity in the cell culture medium (n = 8 to 32 per condition). As shown in Figure 4 , there was a significant decrease in OGD-induced LDH release, at 100 mmol/L of ISO-1, P < 0.01. At this concentration of ISO-1, the levels of LDH activity were similar after Ctrl and OGD. These results indicate that the inhibition of MIF after OGD is protective against cell death, and taken together with the in vivo data, suggest that neuronal MIF is detrimental for brain integrity after experimental stroke.
Interleukin-1b Protein Levels Are Similar in Wild Type and Macrophage Migration Inhibitory Factor-KO Mice After Transient Middle Cerebral Artery Occlusion
We then addressed the putative involvement of MIF in mechanisms of poststroke inflammation, at a time point postocclusion when we first observed that sensory-motor performance was markedly better in mice lacking MIF. Here, we quantified IL-1b protein levels in the serum and brains of WT mice (n = 8 to 11) and MIF-KO (n = 8 to 12) littermates at 48 hours after 45 minutes tMCAo. Sham-operated Figure 2 Early and gradual accumulation of macrophage migration inhibitory factor (MIF) in neurons of the peri-infarct cortex in mice. (A) Expression of MIF in the intact somatosensory-motor cortex (SMC) in sham-operated animals (A1), and in the peri-infarct/ infarct SMC at 3 and 24 hours after transient middle cerebral artery occlusion (tMCAo) (A2 and A3, respectively). (B) Expression of MIF in the intact somatosensory cortex in sham-operated animals (B1), and in the evolving infarct core at 3 and 24 hours after occlusion (B2 and B3, respectively). (C) Colocalization of MIF (Cy3, red) with the neuronal markers Tuj-1 and NeuN (both Cy5, in green), and with the calcium-binding protein parvalbumin (PV) (Cy5, in green), in sham-operated mice. (D) Resistant PV + cells (Cy5, green) in the evolving cortical core at 6 hours after tMCAo colocalize with MIF (Cy3, red), but exhibit an irregular shape. (E) Colocalization of MIF (Cy3, red) with Tuj-1 (Cy2, green) and PV (Cy5, green) at 24 hours of recovery. (A, B) Bright-field micrographs. Scale bars: 100 mm (lower magnifications) and 50 mm (for higher magnifications in A). (C-E) Confocal images. Scale bars: 50 mm. IC, infarct core. WT (n = 4 to 6) and MIF-KO (n = 4 to 6) mice, killed at 48 hours after surgery, were included (baseline).
In accordance with the previous results, we did not detect differences in rCBF at MCA occlusion and reperfusion between WT and MIF-KO mice. Body temperature and body weight were similar between genotypes. Consistently, we did observe a difference in mortality between genotypes after tMCAo (4 out of 15 WT and 3 out of 15 MIF-KO mice) and after sham treatment (0% for both groups).
We found similar IL-1b levels in the infarct core of WT and MIF-KO sham-operated animals: 0.17 ± 0.19 pg/mL (n = 6) and 0.26 ± 0.30 pg/mL (n = 6), respectively ( Figure 5A) . Similarly, we did not detect a significant difference in the peri-infarct area: 0.40 ± 0.20 pg/mL in WT (n = 6) and 0.17 ± 0.15 pg/mL in KO (n = 6) mice. We found that IL-1b is robustly upregulated in the infarct core of WT mice subjected to tMCAo (6.11 ± 2.99 pg/mL, n = 11) versus WT sham-operated mice; P < 0.05. In the same manner, IL-1b is upregulated in the infarct core of MIF-KO animals after occlusion (7.44±5.50 pg/mL) in comparison to baseline; P < 0.05. No difference was detected between genotypes. The average IL-1b level is elevated in the peri-infarct region of WT mice subjected to tMCAo (0.80 ± 0.46 pg/mL) versus WT sham-operated mice, but not significantly. Similarly, IL-1b is not significantly upregulated in the peri-infarct region of MIF-KO animals at 48 hours postocclusion (0.86 ± 5.50 pg/mL) versus baseline. Importantly, there is no difference between genotypes.
In parallel, we found similar serum IL-1b protein levels in WT and MIF-KO sham-operated mice: 2.5 ± 0.6 pg/mL (n = 4) and 1.3 ± 0.4 pg/mL (n = 4), respectively ( Figure 5B ). Additionally, we did not detect a significant difference in serum IL-1b levels between WT and MIF-KO mice after tMCAo: 10.0 ± 21.0 pg/mL (n = 8) and 1.5 ± 0.2 pg/mL (n = 8). Importantly, IL-1b is not upregulated after tMCAo versus baseline, for both genotypes.
In summary, we observed an increase in IL-1b levels in the infarct core of mice subjected to experimental stroke in comparison with an anatomically equivalent region collected from sham-operated animals. However, the inactivation of the Mif gene has no effect on the accumulation of IL-1b, a major inflammatory mediator, after experimental stroke.
Galectin-3 Immunoreactivity in the Brain After Transient Middle Cerebral Artery Occlusion Is Higher in Macrophage Migration Inhibitory Factor-KO Mice than in Wild Type Littermates
We finally evaluated the effect of MIF on the macrophages/microglia response after stroke. Accordingly, we quantified CD68 immunoreactivity (CD68 IR) and Gal-3 immunoreactivity (Gal-3 IR) in the brain of WT (n = 6) and MIF-KO (n = 6) mice subjected to tMCAo (by immunohistochemistry). Negative controls omitting the primary antibody were included. In all the brains analyzed, we observed a clear induction of CD68 and Gal-3 within the injured hemisphere. Moreover, we found a similar average CD68 IR, given by the average fluorescence intensity within the entire CD68-positive area, in the injured brain hemisphere of WT and MIF-KO mice ( Figure 6A ). At 7 days after tMCAo, CD68 IR is heterogeneously distributed within the injured brain hemisphere, and appears denser within its border zone and sparser within more centrally affected areas ( Figure 6A ). However, no difference in local CD68 IR was detected between experimental groups, as illustrated by higher magnification micrographs of two different cortical areas in Figure 6A . Furthermore, CD68 + macrophages/microglia exhibit a diverse morphology, both ramified and amoeboid, and no clear difference was found between the groups. By contrast, we found a significantly higher average Gal-3 IR in the brains of MIF-KO mice, when compared with those of WT mice ( Figure 6B) , P < 0.05. Higher magnification micrographs show a higher density of Gal-3 + cells consistently found in the brains of MIF-KO versus WT mice. In terms of respective morphology, no critical difference was observed between WT and MIF-KO mice ( Figure 6B ).
Discussion
We will discuss the following three major findings of this study: (1) MIF promotes cell death and aggravates neurologic symptoms after experimental stroke; (2) the specific regulation of MIF in neurons postischemia and the contribution of neuronal MIF to ischemic cell death, including the particular expression of MIF in PV + interneurons; and (3) the absence of MIF is associated with an altered Gal-3 immunoreactivity in the injured brain hemisphere after experimental stroke.
Relevance of Neuronal Macrophage Migration Inhibitory Factor in Cell Death and Functional Outcome After Experimental Stroke
Previous reports show that brain ischemia induces MIF mRNA and protein expression (Yoshimoto et al, 1997; Wang et al, 2009 ), suggesting a functional role in stroke. We show for the first time that abrogation of MIF in mice results both in a smaller infarct size and in a better functional outcome after tMCAo, strongly implicating MIF in mechanisms of acute brain injury. Importantly, we observed an early and sustained upregulation of MIF in neurons of the evolving core/peri-infarct border zone, particularly in cortical areas (motor and somatosensory cortex). This is in line with our finding that MIF is upregulated in cultured cortical neurons exposed to sublethal OGD. Collectively, these results show that neurons actively regulate MIF expression upon ischemic conditions and further suggest an important role of neuronal MIF in MIF-mediated effects after stroke. Indeed, we found that the MIF-inhibitor ISO-1 is neuroprotective against OGD-induced damage, demonstrating a detrimental action of neuronal MIF under ischemic conditions over the sublethal threshold. Similarly, in a prior study of spinal cord injury, the deletion of MIF resulted in neuroprotection (Nishio et al, 2009 ). In addition, Nishio et al (2009) found that recombinant human MIF exacerbated glutamate-induced cell death of cerebellar granular neurons from MIF-KO mice, and proposed an involvement of MIF in p53-dependent pathways upon excitotoxic stimuli.
Macrophage Migration Inhibitory Factor Signal Initiation in Neurons
We did not detect CD74 in brain cells, excluding the possibility of MIF-CD74 initiated cascades among neuronal populations and putatively among neurons and other brain cells. Release of MIF and subsequent receptor binding or internalization (Kleemann et al, 2002) may not be necessary for MIF activity in neurons. For instance, in a study by Sun et al (2004) , stimulation of neurons resulted in increased MIF mRNA and protein levels, but did not promote the release of MIF. Furthermore, the authors show that MIF modulates neuronal firing rates when applied intracellularly, but not when applied extracellularly. Therefore, it seems likely that the observed increase in MIF protein levels in neurons in vitro after OGD and in vivo after tMCAo result from transcriptional activation, and that overexpression of intracellular MIF may promote neuronal cell death or renders the neuronal networking more susceptible to ischemic cell death.
Regulation of Macrophage Migration Inhibitory Factor in Neurons
The mechanisms of MIF induction after ischemia are not fully understood, but MIF may be regulated at the transcriptional level or by degradation. We did not see any appreciable effect of proteasome inhibition on MIF levels after OGD (1, 3, and 24 hours). On the other hand, MIF is induced by the transcription factor HIF-1, activated upon hypoxic conditions in vitro (Baugh et al, 2006) . Indeed, the observed sustained upregulation of MIF during 3 days of recovery after tMCAo correlates with an earlier reported similar expression pattern of HIF-1 (Chen et al, 2007) , suggesting that the upregulation is due mainly to transcriptional activation of the gene.
Cell Death Promoting Action of Macrophage Migration Inhibitory Factor
The significance of MIF expression in the brain under physiological and pathological conditions, particularly in neurons, is largely unexplored. Macrophage migration inhibitory factor may be involved in neuronal intracellular signaling, as it reduces the basal firing rate in cultured rat hypothalamic neurons (Sun et al, 2004) . However, the precise mechanism whereby MIF promotes neuronal cell death can only be speculated upon at present. Outside the central nervous system, MIF has been proposed as an antagonist of the p53 pathway (Hudson et al, 1999) , preventing apoptosis, and p53 may be an intracellular MIF-binding partner (Jung et al, 2008) . The role of p53 in neuronal apoptosis is controversial, and p53 may have a regulatory role in the postischemic brain (Tomasevic et al, 1999) . Moreover, it was recently shown that in cultured dermal fibroblasts, the lack of MIF is associated with a reduced nuclear localization of p21 (Taranto et al, 2009 ), a cyclin-dependent kinase inhibitor (1A) that participates in cell-cycle arrest, suggesting the involvement of MIF in p53-independent mechanisms. Apart from its function in the cell cycle, there is evidence that p21 is a direct inhibitor of apoptosis (Suzuki et al, 1998) . Moreover, Harms et al (2007) show that activation of p21 via phosphorylation and translocation into the cytoplasm in neurons prevents apoptosis. Hence, an upregulation of nuclear p21 by MIF can be envisaged to increase neuronal cell death upon ischemia.
Macrophage migration inhibitory factor was shown to be protective after heart ischemia, via a mechanism that includes binding to the receptor CD74, subsequent activation of AMP-activated protein kinase, and recruitment of glucose transporters to the cardiomyocytes surface (Miller et al, 2008) . This mechanism may not apply to neurons after ischemia. First, neurons do not express CD74. Second, activation of AMP-activated protein kinase was shown to have deleterious effects in ischemic stroke (Li et al, 2007) . Third, GLUT4 is an insulin-sensitive glucose transporter mostly expressed in peripheral tissues, whereas its expression in the brain is limited to the olfactory bulb, dentate gyrus of the hippocampus and cerebellum (Vannucci et al, 1998) .
Expression in Parvalbumin-Positive Interneurons
Macrophage migration inhibitory factor is generally expressed in neurons throughout the cortex, particularly in PV + interneurons. Parvalbumin is a small calcium-binding protein expressed in subtypes of cortical interneurons, including basket and chandelier cells, which typically form inhibitory synapses with the perisomatic region and with axons of pyramidal cells, respectively (Markram et al, 2004) . Although the exact mode of action of PV in the central nervous system is not completely understood, PV + cortical interneurons are often inhibitory and fast spiking, and are critical regulators of cortical output and information processing (Freund and Katona, 2007) . The PV + interneurons are also known to be relatively resistant to ischemia (Medina et al, 1996) , and may consequently appear to retain MIF-ir up to later time points than other subtypes of neurons in the expanding infarct core after tMCAo. Nevertheless, the strong coexpression of MIF and PV may be of significance for the detrimental effect of MIF on both cell death and also for mechanisms of functional recovery after experimental stroke. This may be accomplished by altered spiking frequency by MIF in PV-containing cells via calcium-mediated mechanisms. In particular, the early accumulation in the dynamic infarct core/peri-infarct region border zone may indicate a detrimental intraneuronal action or detrimental action on the neuronal networking, rendering infarct expansion to a larger extent than in MIF-KO mice. Additionally, the same mechanisms may be generally relevant in other neuronal subtypes after ischemia. Importantly, PV + cells are also found in areas of tissue reorganization important for recovery of lost function after stroke (Wieloch and Nikolich, 2006; Murphy and Corbett, 2009 ).
Macrophage Migration Inhibitory Factor and the Inflammatory Response After Transient Middle Cerebral Artery Occlusion
Inflammatory cascades are activated in the brain and periphery after stroke, and are believed to influence damage expansion and recovery of lost neurologic function (Endres et al, 2008) . Importantly, neurons may regulate the inflammatory response after stroke (Qiu et al, 2008) . Macrophage migration inhibitory factor is a major mediator of immunity (Calandra and Roger, 2003) , and has been extensively implicated in inflammatory conditions, mostly outside the central nervous system (Morand et al, 2006) , where it has essentially a deleterious action. In the brain, mRNA levels of major pro-inflammatory cytokines are decreased in MIF-KO mice upon West Nile Virus infection (Arjona et al, 2007) . We therefore addressed a putative change in the inflammatory milieu in brains and serum of WT and MIF-KO mice, by measuring IL-1b protein levels. We found a clear upregulation of IL-1b in the ipsilateral hemisphere of mice subjected to tMCAo, in accordance with previous studies (Ruscher et al, 2009 ). The lack of MIF, however, did not affect the levels of IL-1b in the infarct core and peri-infarct region in mice after tMCAo, strongly suggesting that MIF and IL-1b are independently upregulated in the brain after experi-mental stroke. Interestingly, we found a higher average Gal-3 immunoreactivity in the brains of MIF-KO mice subjected to tMCAo (versus WT littermates), related to a higher density of Gal-3 + cells. These results indicate that MIF affects the nature of the macrophages/microglia response after experimental stroke. This may occur via direct or indirect alterations in the expression of Gal-3 or proliferation of Gal-3 + cells, or eventually through the recruitment of monocytes into the brain parenchyma (Arjona et al, 2007; Bacher et al, 2002) . Moreover, a higher density of Gal-3 + cells in the injured brain hemisphere is associated with a better functional outcome after tMCAo. These results are in convergence with the concept that subpopulations of macrophages/microglia, integrated in space and time, may play a beneficial role at the locus of injury, namely in wound healing and repair (Shechter et al, 2009 ). In particular, Gal-3 + microglial cells have been shown to express growth factors (Lalancette-Hébert et al, 2007; Venkatesan et al, 2010) , and may contribute to postischemic brain remodeling (Yan et al, 2009 ).
Conclusion
In conclusion, our results show that MIF promotes neuronal death, worsens the neurologic deficits, and may depress the recovery of sensory-motor function after stroke, by intra or interneuronal mechanisms, and likely via the modulation of the macrophages/ microglia response. These results imply that MIF can be targeted in the development of future stroke therapies.
